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Inventors: 
Ronald Timpe 
TedAulich 

10 Field of Invention 

The present invention is a process for producing high-pressure hydrogen from natural gas, 
methanol, ethanol, and other fossil fuel-derived and renewable hydrocarbon resources. The 
process can produce hydrogen at pressures ranging from 500 to 10,000 pounds per square inch 
15 (psi) using 1) a hydrocarbon-based hydrogen carrier; 2) "supercritical" water, which refers to 
water maintained at or above its supercritical temperature and pressure requirements of at least 
375°C and 3200 psi, respectively; and 3) an appropriate catalyst. In work performed using either 
natural gas (methane) or methanol as hydrogen carrier, the process yielded gaseous products with 
hydrogen concentrations of up to 19 mole percent (mol%) and 66 mol%, respectively, neither of 
. 20 which are meant to be the limit expected under optimal conditions. With methanol as hydrogen 
source, nonhydrogen product gas constituents included carbon dioxide, carbon monoxide, 
methane, ethane, and nitrogen. With methane as hydrogen source, nonhydrogen product gas 
constituents included methane, nitrogen, oxygen, ethane, and no detectable carbon monoxide. 

25 One application of the process is for on-demand production of high-pressure hydrogen for 

fuel cells, including proton exchange membrane (PEM) fuel cells used for powering 
transportation vehicles, and PEM and other fuel cells used for other mobile and stationary power 
production purposes. Utilizing the process for PEM fuel cell applications may require integration 
with a hydrogen purification technology, since PEM fuel cells require low-contaminant-level 

30 hydrogen for trouble-free operation and maximum power density. Upon successful integration 
with a hydrogen purification technology, the process will hold two significant advantages over 
other technologies being pursued for producing hydrogen for fuel cell vehicles: 1) elimination of 
the need for expensive hydrogen compression and 2) significant reduction of the need for 
expensive storage of high-pressure hydrogen. 

35 . 

Problem, Background, and Theory 

A key challenge to transitioning the U.S. transportation economy from the gasoline- and 
diesel-powered internal combustion engine to the hydrogen-powered fuel cell is lack of an 
40 economically viable means of supplying fuel cell-quality hydrogen. Two basic hydrogen supply 
options are on-board-vehicle extraction of hydrogen from hydrocarbon fuels or on-board-vehicle 
storage of hydrogen produced and dispensed at a stationary facility. Within these two basic 
options, numerous specific variations are being studied and/or developed, including, but not 
limited to 1) on-board-vehicle extraction of hydrogen from gasoline, diesel fuel, naphtha, and 
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meftanol, 2) fuel station site hydrogen production via steam methane (natural gas) reforming 
(SMR) or other hydrocarbon-based processes; 3) fuel station site hydrogen production via 
electrolysis of water; 4) centrally produced (via large-scale SMR, electrolysis, and other 
processes) hydrogen delivered to a fuel station by truck or pipeline; and 5) other supply scenarios 
involving hydrogen production via photochemical, gasification, nuclear, biomass-based 
biological, and solar-, wind- and hydro-powered methods. 

Today, SMR is the most common and least expensive method of hydrogen production 
^ 95% f *° hydK>gen pr ° duCed m United £ SMR. ESSto ■ 

SfJSS. ^ P 06 a ° f hydr ° gen * Carbon dioride - catbon mo »°^e, and 

water and the mixture is separated to yield high-purity hydrogen. Because of its status as a 

mature, reliable economically viable technology, major industrial companies are developing 
US!! "^elmg station concepts based on the use of on-site SMR, which involves 

scahng the process down significantly from its most common commercial application of 
producing hydrogen at petroleum refineries for use in making cleaner-burning gasoline Key 
challenges associated with on-site hydrogen generation derive from the unpredSte demLs of 
vehicle fueling. Because SMR works best at steady-state, 24-hours-per-day, fuU-cap^ity 
operation, integration with a hydrogen fuel station will require on-site hydrogen compression and 
3 SaS ' ?f " 3 Cbemical ^Po«ad-tt> compensate for fluctuZg^drogTn 

coXt^h CaUSe . f SmaI1 ? 0leCUlar Si2e ' hydr ° gen is much more difficult and expensivefo 
compress than natural gas, and none of the hydrogen storage technologies available today 
represent an ideal combination of economy, performance, durability, and safety. The present 
JSEST k r 3 meanS t0 Pr0dUCe ^P^^ hydrogen, thereby eliminating the Seed for 
£™ T ^ n ^P™*™- *» ^tion, the present invention will be compatible with on- 
demand production of high-pressure hydrogen, which will translate to a greatly diminished 
hydrogen storage volume requirement versus SMR and other demand-unresponsive processes. 

General Description 

Pas ■SdSZ 8 Dt inVenti ° D iS $imilar t0 SMR m both processes mvoIve &e use °f natural 
hSrna!n^ 8 a 3,1(1 a catalyst to P romote metha ** reforming to 

hydrogen and carbon dioxide. Two key differences between the two processes are the 

temperature and pressure ranges utilized in the reforming reaction. Li the present invention the 
reactor is maintained within temperature and pressure ranges of 375°-600°C and 3200-10 000 
£,"52 !?? ™ SMR UtUizes reaction temperatures and pressures ranging from about 
cTbe ^W^t^tT PS1 * "* Bclw ^- A *W k *y dif fereuce is that the present invention 
Slnrnnt! 1 7 y<k< ? en ?T *»* natUKd g^*ane, mcluding-but not limited 
5 ' than ° 1 ' aDd ethan ° L FigUre 1 is a schematic ^gram of a reactor system 
coS^lt? ? P1 1 g w mVenti ° n - AS 0Utlined in K 8ure 1, the reactor system can be 

configured to extract hydrogen from a liquid or gaseous, water-soluble or water-insoluble 
hydrogen earner. 
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In utilizing natural gas or another water-insoluble hydrogen carrier, high-pressure water 
and natural gas are separately injected into the preheater at an appropriate water-to-hydrogen 
carrier molar ratio. Tests conducted to date have utilized water-to-hydrogen carrier molar ratios 

5 ranging from 0.5: 1 to 4: 1 . In general, for water-based reforming of any hydrogen carrier, 
utilization of a water-to-hydrogen carrier molar ratio of at least 1:1 ensures availability of 
sufficient oxygen to guard against undesired carbon build-up on catalyst used to promote the 
reforming reaction. However, minimal usage of supercritical water is desired to minimize 
process energy input, and lower water-to-hydrogen carrier molar ratios may be achievable with 

10 improved reforming catalysts. Following mixing and heating in the preheater, the reactant 

mixture flows into the reformer, which comprises a tubular reactor containing a commercially 
available reforming catalyst. The process is compatible with continuous-flow operation, and 
residence time in the reformer is a function of pressure and fltiw rate through the reformer. 

15 Reformate products exit the reformer and flow into the condenser, in which water and a 

portion of the carbon dioxide product are condensed. Pressure in the condenser and pressure of 
the product gas stream exiting the condenser can be maintained at or near pressure in the 
reformer (or lower, if desired) by adjustment of the control valve at the condenser exit. In 
utilizing methanol or another water-soluble hydrogen carrier, a mixture of methanol and water is 

20 pressurized and injected into the preheater at an appropriate water-to-hydrogen carrier molar 

ratio. From the preheater on downstream through the reactor system, process steps and conditions 
are identical to those utilized for natural gas. 

Specific Example: Hydrogen Production from Natural Gas 

25 

Table 1 presents compositional data on four different product gas samples collected 
during a series of tests utilizing natural gas/methane as hydrogen carrier. All tests employed an 
approximate 4: 1 water-to-methane molar ratio and a reformer temperature and pressure of about 
440°C and 3500 psi, respectively. The first column of data is for a sample collected from a 

30 continuous-process test in which residence time in the reformer was about 2 seconds. The three 
remaining data sets are for tests in which reformer residence time was increased by operating the 
reactor system in batch mode, with the objective of investigating the effect of residence time on 
product gas composition. Estimated residence time for Batch 1-3 tests was about 3, 10, and 15 
minutes, respectively. The batch test results indicate that — under the conditions evaluated — 

35 residence time has no effect on product gas composition. Of primary significance in the natural 
gas results is the consistent absence of carbon monoxide in the product gas. With the gas 
chromatography-based analytical procedure employed for product gas characterization, the 
detection limit for carbon monoxide is about 100 parts per million (ppm), which means that if 
carbon monoxide is present in the product gas, it is present at a concentration of below 100 ppm. 

40 Carbon monoxide is one of two contaminants of major concern regarding hydrogen for PEM 
fuel cell applications (the other being sulfur species), which means that its absence from the 
product gas stream represents a significant process advantage. 
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Sample 


Continuous 1 


Batch 1 


^ Batch 2 


Batch 3 


Hydrogen, mol% 


19.3 


19.9 


16.9 


16.4 


Carbon Dioxide, mol% 


7.6 


8.6 


5.1 


6.3 


Methane, mol% 


72.6 


70.1 


76.6 


75.7 


Ethane, mol% 


0.4 


1.1 


L2 


1.4 


Propane, mol% 


0.0 


0.3 


0.0 


0.1 


cis-2-Butene, mol% 


0.0 


0.0 


0.0 


0.0 


Carbon Monoxide, mol%* 


0.0 


0.0 


0.0 


0.0 


* Analytical detection limit for carbon monoxio 


le was 100 ppm. 
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Specific Example: Hydrogen Production from Methanol 

Table 2 presents compositional data on four different product gas samples collected 
during a series of tests utilizing methanol as hydrogen carrier. All tests employed an approximate 
1:1 water-to-methanol molar ratio and a reformer temperature and pressure of about 380°C and 
3200 psi, respectively. The first two data columns are for samples collected from continuous- 
process tests in which residence time in the reformer was about 2 seconds. The two remaining 
data sets are for tests in which reformer residence time was increased by operating the reactor 
system in batch mode, with the objective of investigating the effect of residence time on product 
gas composition. Estimated residence time for Batch 1 and 2 tests was about 3 to 5 minutes. The 
batch test results indicate that— under the conditions evaluated— residence time has a measurable 
effect on product gas composition, most significantly on level of hydrogen and carbon dioxide. 



Table 2 - High-Pressure Hydrogen from Methanol — Product Gas Conmosition 


Sample 


Continuous 1 


Continuous 2 


Batch 1 


Batch 2 


Hydrogen, mol% 


65.1 


66.4 


72.4 


69:7 


Carbon Dioxide, mol% 


23.9 


23.8 


16.8 


17.1 


Methane, mol% 


6.5 


5.4 


4.9 


7.6 


Ethane, mol% 


0.1 


0.1 


0.1 


0.0 


Propane, mol% 


0.0 


0.0 


0.0 


0.0 


cw-2-Butene, mol% 


0.1 


0.1 


0.5 


0.4 


Carbon Monoxide, mol% 


4.3 


4.2 


5.4 


5.2 ' 



20 



25 
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Outline of the Invention 

This invention is a method for the production of high-pressure hydrogen for use in PEM and 
other fuel cell applications. An example of the invention includes the steps of: 

1) Injection of supercritical water and high-pressure water-soluble or water-insoluble hydrogen 
carrier into a catalytic reformer, using the following exemplary materials, proportions, and 
reaction conditions: 

a) Hydrogen carrier - natural gas, propane, butane, methanol, ethanol, or other. 

b) Water-hydrogen carrier molar ratio - 0. 1: 1 to 4: 1 

c) Reforming reaction temperature - 375° to 640°C 

d) Reforming reaction pressure - 3200 to 10,000 psi 

e) Residence time in reformer - 0.5 to 360 seconds 

2) Generation of hydrogen, carbon dioxide, and other reformate gas species. 

3) Condensation to remove water and a portion of carbon dioxide. 

4) Recovery of high-pressure hydrogen and other reformate gas species. 

Following is an outline of various examples of features of the invention. Note that other 
techniques and embodiments are also possible within the spirit and scope of the invention. 

A) Materials, Proportions, and Reaction Conditions that Demonstrated Desired Results 

1) Natural gas as hydrogen carrier 

a) Water-methane molar ratio - 4: 1 

b) Reforming reaction temperature - 440°C 

c) Reforming reaction pressure - 3500 psi 

d) Residence time in reformer - about 2 seconds 

2) Methanol as hydrogen carrier 

a) Water-methanol molar ratio -1:1 

b) Reforming reaction temperature - 380°C 

c) Reforming reaction pressure - 3200 psi 

d) Residence time in reformer - about 2 seconds 

B) Other Hydrogen Carriers to Which Invention May Be Applied (Partial List) 

1) Propane 

2) Butane 

3) Ethanol 

4) Naphtha 

5) Ammonia 
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